-Systemic lupus erythematosus (SLE) is a risk factor for hypertension. Previously, we demonstrated that an established mouse model of SLE (female NZBWF1 mice) develops hypertension with renal inflammation and oxidative stress, both characteristics known as contributing mechanisms to the development of salt-sensitive hypertension. On the basis of this model, we hypothesized that blood pressure in SLE mice would be salt-sensitive. Thirty-week-old female SLE and control mice (NZW/LacJ) were fed 8% high-salt (HS) diet or normal diet (0.4% salt) for 4 wk. Plasma levels of double-stranded DNA (dsDNA) autoantibodies, a marker of SLE disease activity, were increased in SLE mice compared with controls (472 Ϯ 148 vs. 57 Ϯ 17 U/ml ϫ 1,000, P Ͻ 0.001). HS did not alter dsDNA autoantibody levels in SLE or control mice. Mean arterial pressure was increased in SLE mice compared with controls (132 Ϯ 3 vs. 118 Ϯ 2 mmHg, P Ͻ 0.001) and was not significantly altered by the HS diet in either group. Similarly, albuminuria was higher in SLE mice compared with controls (10.7 Ϯ 9.0 vs. 0.3 Ϯ 0.1 mg/day) but was not significantly increased in SLE or control mice fed a HS diet. In summary, blood pressure during SLE is not salt-sensitive, and the HS diet did not adversely affect SLE disease activity or significantly augment albuminuria. These data suggest that renal inflammation and oxidative stress, characteristics common to both SLE and models of salt-sensitive hypertension, may have diverging mechanistic roles in the development of hypertension.
INFLAMMATION OR IMMUNE SYSTEM activation is now well recognized as an important factor in the development of essential hypertension. Salt-sensitive hypertension accounts for a large percentage of patients with essential hypertension, including an estimated 26 million in the United States (32) . Recent work from experimental animal models of salt-sensitive hypertension demonstrates an important role for immune system activation in the kidney as a contributing mechanism. For example, renal tubulointerstitial and vascular inflammation is associated with salt-sensitive models of hypertension in rats (20) , and more recent evidence shows that immunosuppressive therapy prevents the development of hypertension in Dahl salt-sensitive rats, in part, by reducing T lymphocytes in the kidney (6, 13) .
Systemic lupus erythematosus (SLE) is a chronic autoimmune inflammatory disease that predominantly affects young women during reproductive years. The prevalence of hypertension is normally very low in young women (2-14%) of this age group (16a). This is not the case in patients with SLE, in which the prevalence often ranges from over 30% to as high as 74%, depending on the cohort (1, 4, 18, 26, 28, 29) . While the mechanisms that promote hypertension in this population are not clear, we recently demonstrated that anti-inflammatory treatments in an established mouse model of SLE (female NZBWF1 mice) with hypertension reduces blood pressure, renal inflammation, and oxidative stress (30, 31) . On the basis of the well-known immune/inflammatory contributions to renal disease and hypertension during SLE and to the development of salt-sensitive hypertension in rats, the purpose of the present study was to test the hypothesis that blood pressure during the chronic autoimmune disease SLE is salt-sensitive. Using the NZBWF1 model of SLE, we tested the hypothesis by assessing the relationship between salt intake and blood pressure (pressure natriuresis).
MATERIALS AND METHODS
Animals. Female NZBWF1 (SLE) and NZW/LacJ (control) mice were obtained from Jackson Laboratories (Bar Harbor, ME) at 3-5 wk of age. Mice were raised on normal rodent chow (0.4% NaCl) until 30 wk of age. At 30 wk, mice with no evidence of renal injury (urinary albumin Ͻ100 mg/dl by dipstick) were included in the study. At this age, less than 8% of the animals have albuminuria. Animals were randomly divided into four groups receiving either a normal salt (NS) diet of 0.4% NaCl or a high salt (HS) diet of 8% NaCl (Harlan, Madison, WI) for 4 wk. The experimental groups were as follows: Control/NS, Control/HS, SLE/NS, and SLE/HS.
Mice were placed in metabolic cages weekly to collect a 24-h urine sample for assessment of albumin. The animals had access to food and water ad libitum and food intake was monitored in a subset of mice. Animals were maintained on a 12:12-h light-dark cycle in temperature-controlled rooms. At the end of the experiment (34 wk), a blood sample was collected via the arterial catheter in anesthetized mice followed by death. All studies were approved by the University of Mississippi Medical Center Institutional Animal Care and Use Committee and were in accordance with National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals.
Autoantibody production. The presence of plasma anti-doublestranded DNA (dsDNA) antibodies, a clinical hallmark of SLE, was measured at 34 wk via ELISA, as previously described by our laboratory (30, 31) . Only NZBWF1 mice with positive plasma antidsDNA autoantibodies were included in these studies. Mice with autoantibody levels greater than 1 SD higher than the mean antibody level from control mice were considered positive as previously described (30) .
Blood pressure. At 34 wk of age, catheters were implanted into the left carotid artery, and animals were allowed 24 h to recover from surgery. Blood pressure was recorded for at least 2 h in conscious, freely moving mice for up to two consecutive days as previously described by our laboratory (30, 31) .
Renal injury. Urinary albumin excretion was evaluated as an index of renal injury in 24-h urine samples using a commercial ELISA, as previously published by our laboratory (30, 31) . Urinary albumin was multiplied by the 24 h urine volume to calculate the excretion rate, as previously described.
Statistical analysis. Data are presented as means Ϯ SE. All statistical analyses were performed using Sigmastat 3.0 software (Systat, Richmond, CA). A two-way ANOVA was used to compare treatment and group effects. A Holm-Sidak post-hoc test was used for comparisons between multiple groups. Values were considered statistically different at P values Ͻ 0.05.
RESULTS
Disease activity. Consistent with our previous data, plasma levels of the characteristic dsDNA autoantibodies are increased in SLE mice compared with controls ( Fig. 1 ; 472 Ϯ 113 vs. 58 Ϯ 14 U/ml ϫ 1,000, P Ͻ 0.001). The production of autoantibodies in high-salt fed SLE mice (525 Ϯ 208 U/ml ϫ 1000) or high-salt fed control mice (118 Ϯ 32 U/ml ϫ 1000) was not significantly changed.
Salt intake. Food intake was not different between control (3.9 Ϯ 0.1 g/day) and SLE mice (3.6 Ϯ 0.4 g/day) fed a normal-salt diet, as we previously reported (8, 25) , and therefore, salt intake was the same between control (0.27 Ϯ 0.01 mmol/day) and SLE (0.25 Ϯ 0.03 mmol/day) mice on this diet. SLE mice fed a high-sodium diet ate more than control mice on a high-salt diet (4.4 Ϯ 0.2 vs. 3.0 Ϯ 0.1 g/day, P Ͻ 0.05) and, therefore, ingested significantly more salt than controls fed a high-salt diet (6.01 Ϯ 0.32 mmol/day vs. 4.04 Ϯ 0.13 mmol/ day, P Ͻ 0.001).
Blood pressure. To assess the effect of salt intake on blood pressure during SLE, mean arterial pressure was measured in animals fed a normal-(0.4%) or high-(8%) salt diet ( Fig. 2A) . Consistent with our previous data, blood pressure was increased in SLE mice compared with controls (132 Ϯ 3 vs. 118 Ϯ 2 mmHg, P Ͻ 0.001). In high-salt fed mice, blood pressure was not significantly altered in either control or SLE mice (119 Ϯ 2 and 134 Ϯ 2 mmHg, respectively, P Ͻ 0.001).
The data in Fig. 2B show blood pressure plotted vs. salt intake in a subset of the mice studied. These data show that the slope of the relationship between blood pressure and salt intake was not changed, thereby demonstrating that blood pressure during SLE is not salt-sensitive.
Renal injury. Urinary albumin excretion was increased in SLE mice compared with controls ( Fig. 3; 10 .7 Ϯ 9.0 vs. 0.3 Ϯ 0.1 mg/day), as we previously reported (8, 30, 31) . Although there was a tendency for elevated urinary albumin excretion, it was not statistically increased in SLE mice (19.7 Ϯ 12.8 mg/day) or control mice (0.4 Ϯ 0.1 mg/day) fed a high-salt diet.
DISCUSSION
In the present study, we examined whether increased salt intake affects blood pressure in a mouse model of SLE (pressure natriuresis). The major findings of this study are as follows: 1) SLE hypertension is not salt-sensitive; 2) high-salt intake does not significantly alter urinary albumin excretion in mice with SLE; and 3) a high-salt intake does not alter SLE activity, as assessed by the presence of circulating autoantibodies. Fig. 1 . Effect of high-salt diet on systemic lupus erythematosus (SLE) disease activity. Plasma levels of dsDNA autoantibodies (Units/ml ϫ 1,000) were significantly increased in SLE animals compared with controls (n ϭ 12-18). High-salt diet did not significantly affect autoantibody production in control or SLE animals. *P Ͻ 0.05 vs. corresponding control. Fig. 2 . Effect of high-salt diet on blood pressure during SLE. A: mean arterial pressure (mmHg) was significantly increased in SLE animals compared with controls (n ϭ 8 -14). High-salt diet did not affect mean arterial pressure in control or SLE animals. *P Ͻ 0.05 vs. corresponding control. B: rightward parallel shift in the pressure natriuresis relationship (salt intake in mmol/day vs. mean arterial pressure in mmHg) was observed in a subset of animals (n ϭ 4 -8).
The potential for increased dietary salt to influence blood pressure has been recognized and studied for decades. Blood pressure is salt-sensitive in ϳ26 million Americans (32) , and many of the mechanisms that contribute to salt-sensitive hypertension have been reviewed (22, 27) . Mattson and colleagues (6, 13) recently published a series of studies demonstrating an important role for the adaptive immune system in the development of salt-sensitive hypertension in rats. For example, chronic administration of mycophenolate mofetil (MMF) to Dahl salt-sensitive rats reduced blood pressure and renal injury and that this was associated with a decrease in renal T lymphocyte infiltration (6, 13) . Similarly, RodriguezIturbe's group (21) demonstrated that MMF prevented the salt-sensitive hypertension that occurs after chronic infusion with ANG II. That work showed that the prevention of salt sensitivity was accompanied by a decrease in interstitial infiltration of T cells and macrophages, and the reduction of inflammatory cells was associated with reduced oxidative stress (21) . Therefore, renal tubulointerstitial inflammation and oxidative stress are important underlying mechanisms that contribute to salt-sensitive hypertension in the rat. RodriguezIturbe has also recently advanced the concept that salt-sensitive hypertension may have autoimmune origins mediated, in part, by renal heat shock proteins (17) . The notion that hypertension has autoimmune origins is not new, with several early reports showing increased serum levels of autoantibodies in patients and experimental animal models of essential hypertension (3, 7, 9) .
The prevalence of hypertension in patients with the autoimmune disease SLE is very high (1, 4, 18, 26, 28, 29) . Our recently published data show that treatment with etanercept to inhibit the biological activity of tumor necrosis factor alpha in NZBWF1 mice with SLE reduces blood pressure, oxidative stress, and renal inflammation (30) . Given the significant evidence for renal inflammation and autoimmune reactivity in both humans and experimental models of salt-sensitive hypertension, we asked whether blood pressure in a mouse model of SLE with hypertension is salt-sensitive. On the basis of the similarities between the SLE model and established saltsensitive models of hypertension, we anticipated that blood pressure would be salt-sensitive in the female NZBWF1 mice with SLE.
The hypertension observed in SLE mice fed normal chow is consistent with our published work (24, 30, 31) , and the blood pressure values in control animals are comparable to those in a number of inbred mouse strains (23) . A 4-wk administration of a high-salt diet did not significantly alter blood pressure in either experimental group, suggesting that the ability of the kidneys to handle a large salt load is not impaired. It is possible that a transient increase in blood pressure occurred early on in the experimental protocol; however, the physiological significance of such a change is difficult to know. Although blood pressure is not salt-sensitive, the possibility remains that blood pressure will become salt-sensitive as these mice progress toward end-stage renal disease and the loss of functional nephrons becomes severe. Therefore, the experimental design, excluding mice with preexisting renal injury is applicable to understanding the effect of dietary salt on blood pressure in patients with SLE who have not reached end-stage renal failure. The prevalence of end-stage renal failure in patients with SLE is typically low, ranging from less than 5% up to 22% depending on the cohort (14) .
To confirm that we were, in fact, achieving a high-salt intake, food consumption was measured in a subset of mice fed both a normal-and high-salt diet. Food intake was not different between SLE and control mice on a normal-salt diet, as we previously published (8, 25) . Food intake was not altered by high salt in control animals but was significantly higher in SLE mice. Therefore, SLE mice ingested a larger amount of salt, ruling out the possibility that blood pressure was not elevated due to a failure to achieve high-salt intake. An 8% sodium chloride diet was used in this study because this is the amount used in early studies to genetically select for salt sensitivity in rats (19) . The salt intake achieved far exceeds the typical salt intake of 9.6 g per day (164 mmol/day) that might be observed in a typical Western diet (5) in humans, and, therefore, represents a significant salt challenge to the mice. The fact that blood pressure in SLE mice is not altered by this high level of salt intake is an indication that SLE is not associated with salt-sensitive hypertension. In animals fed the high-salt diet, there was a tendency for increased autoantibody production. Although this was not statistically different, it is provocative to speculate that increased dietary salt could promote humoral immunity and that perhaps a longer exposure to high salt could accelerate disease progression.
Renal interstitial inflammation and oxidative stress are commonly associated with salt-sensitive hypertension (6, 15, 21) . The finding that blood pressure in mice with SLE is not salt-sensitive, despite our previously published reports showing renal inflammation and oxidative stress (30) , may be revealing about the mechanisms that contribute to hypertension during SLE. Either renal inflammation and oxidative stress promote hypertension through a pathway different from saltsensitive models or, perhaps, they occur secondarily to the hypertension. While the latter cannot be definitively disproved, several factors argue against blood pressure-induced renal injury and inflammation in this model. First, SLE is an immune complex-mediated disease that is initiated by a loss of immune tolerance and the production of autoantibodies. Therefore, immune system activation and inflammation are well-known factors that drive the development of SLE. Second, published studies demonstrate that lowering blood pressure in the NZBWF1 mouse is not necessarily associated with reductions Fig. 3 . Effect of high-salt diet on albuminuria during SLE: Urinary albumin excretion (mg/day) was increased in SLE animals compared with controls (n ϭ 15-18). High-salt diet did not significantly increase albumin excretion in control or SLE animals.
in renal injury and inflammation (11) . Third, we have data published in abstract form showing that bilateral renal denervation in NZBWF1 mice reduces renal injury but has no effect on blood pressure (12) . Taken together, these data suggest that the renal injury, oxidative stress, and inflammation in SLE mice are not secondary to hypertension.
The parallel rightward shift in the pressure natriuresis relationship is indicative of a renal vascular mechanism that promotes the hypertension (10) and, in support of this, we have unpublished data showing that renal vascular resistance is increased in SLE mice compared with controls. The reasons that renal inflammation and oxidative stress do not associate with salt-sensitive hypertension in NZWBF1 mice, whereas they do in other rodent models are not clear; however, blood pressure in inbred mice is not typically salt-sensitive unless experimentally induced. Therefore, species-specific differences may account for the disparate blood pressure responses to dietary salt, even though both SLE mice and Dahl saltsensitive rats have renal inflammation and oxidative stress in common.
Because SLE is a disorder that predominantly affects young women, only female NZBWF1 mice were included in this study. Therefore, these experiments did not address the important possibility that mechanisms of salt-sensitive hypertension may be sex-specific, for which there is evidence to support. For example, a recent study by Nakano and Pollock (16) showed renal infusion of endothelin-1 into female rats, but not males, increased sodium excretion and urine flow via the ET A receptor, suggesting that a mechanism to explain why young females are typically protected against salt-sensitive hypertension is related to differences in endothelin-mediated regulation of renal medullary flow. Published data from our laboratory show that urinary endothelin production is increased in mice with SLE (31) . The mechanistic contribution of renal endothelin to the control of blood pressure during SLE is not clear and whether the regulation of medullary flow by edothelin helps to protect against salt-sensitive hypertension during SLE remains to be tested.
Perspectives and Significance
The present study shows that blood pressure in an established mouse model of SLE with hypertension is not saltsensitive. This is an important finding as it furthers our understanding about the mechanisms that contribute to the development of hypertension in this chronic inflammatory disease. The data also suggest that characteristics common to both SLE hypertension and salt-sensitive models of hypertension (i.e., tubulointerstitial inflammation and oxidative stress) exert their effects on blood pressure through different mechanisms. The rightward parallel shift in the pressure natriuresis relationship suggests that the renal inflammation and oxidative stress observed by us and others during SLE may contribute to the hypertension through a renal vascular mechanism. Determining the factors that promote renal vascular changes and the parallel shift in the pressure natriuresis relationship during SLE will be important for better understanding the underlying reasons for the prevalent hypertension in this patient population.
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